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The statistical testing of alternative phylogenetic trees is central to evaluating competing evolutionary hypotheses.
Fleming proposed that the New Zealand cicada species Maoricicada iolanthe is the sister species to the major
radiation of both low-altitude and montane Maoricicada species. However, using 1,520 bp of mitochondrial DNA
sequence data from the cytochrome oxidase subunit I, tRNA aspartic acid, and the ATPase subunit 6 and 8 genes,
we inferred that both M. iolanthe and another low-altitude species, Maoricicada campbelli, are nested within the
montane Maoricicada radiation. Therefore, we examined the stability of the inferred phylogenetic placement of these
two species using the newly developed Shimodaira-Hasegawa test (SH test) implemented in a maximum-likelihood
framework. The SH test has two advantages over the more commonly used Kishino-Hasegawa (KH) and Templeton
tests. First, the SH test simultaneously compares multiple topologies and corrects the corresponding P values to
accommodate the multiplicity of testing. Second, the SH test is correct when applied to a posteriori hypotheses,
unlike the KH test, because it readjusts the expectation of the null hypothesis (that two trees are not different)
accordingly. The comparison of P values estimated under the assumptions of both the KH test and the SH test
clearly demonstrate that the KH test has the potential to be misleading when the issue of comparing of a posteriori
hypotheses is ignored and when multiple comparisons are not taken into account. The SH test, in combination with
a variety of character-weighting schemes applied to our data, reveals a surprising amount of ambiguity in the
phylogenetic placement of M. iolanthe and M. campbelli.

Introduction

The origin and evolution of the New Zealand alpine
biota has long intrigued biologists (e.g., Fleming 1963,
1979; Raven 1973; McGlone 1985; Given and Gray
1986; Morgan-Richards and Gibbs 1996; Trewick, Wal-
lis, and Morgan-Richards 2000). It contains many en-
demic and highly specialized taxa despite the fact that
the alpine habitat formed less than 5 MYA (Batt et al.
2000; Chamberlain and Poage 2000). One notable New
Zealand alpine taxon is the endemic cicada genus Maor-
icicada (Dugdale 1972) (Tibicinidae: Cicadettini). The
genus is characteristically montane, although five spe-
cies are found in low altitude habitats such as riverbeds
(M. campbelli and M. hamiltoni), eroded surfaces (M.
lindsayi), coastal rock fans (M. myersi), and low-altitude
forest and scrub (M. iolanthe; fig. 1). Fleming (1971)
and Dugdale and Fleming (1978) published a variety of
hypotheses to explain the origin and radiation of the
genus. In particular, Fleming (1971) suggested that the
ancestral Maoricicada species, which he called proto-
iolanthe, was similar to extant M. iolanthe. This sup-
position was based on the fact that present-day M. io-
lanthe are forest dwelling and restricted to the North
Island. Fleming’s (1971) hypothesis makes the implicit
prediction that M. iolanthe will be a sister lineage to the
remaining Maoricicada species. This hypothesis is now
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readily testable using DNA sequence data coupled with
newly developed statistical methodology.

Here, we implemented the Shimodaira-Hasegawa
(SH; Shimodaira and Hasegawa 1999) test of tree to-
pology to statistically evaluate alternative phylogenetic
hypotheses regarding the evolution of Maoricicada. Al-
though the Kishino-Hasegawa (KH; Kishino and Hase-
gawa 1989) and Templeton (1983) tests are correct when
two topologies selected a priori are tested, these tests
are commonly used to compare a priori and a posteriori
hypotheses. In this situation, both of these tests will cal-
culate significance levels based on the incorrect as-
sumption that two trees selected a priori are being com-
pared. The SH test does two things to compensate for
the incorrect application of other tree comparison tests:
(1) it adjusts the expected difference in log likelihoods,
and (2) it samples multiple alternative topologies. In an
a posteriori test that compares the most likely tree to an
alternative hypothesis, the expectation of the difference
in log likelihoods is not 0 as it should be, even when
all the trees are equally good in expectation. Rather, it
will always be .0 because the most likely tree will al-
ways have the highest likelihood score, and subtracting
any other likelihood from it will give a value higher than
0 (Shimodaira and Hasegawa 1999; Goldman, Ander-
son, and Rodrigo 2001). The SH test readjusts the ex-
pectation of the null hypothesis that the two trees are
not different (a process known as ‘‘centering’’) and is
correctly one-tailed. In addition, the SH test requires
sampling of all reasonable alternative hypotheses so that
the true topology is always available for comparison
against the maximum-likelihood (ML) topology (Gold-
man, Anderson, and Rodrigo 2001). The Templeton
(1983) test for the parsimony method may be similarly
modified to correct the selection bias.
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FIG. 1.—Maoricicada iolanthe (male, collected from Miramar Brickworks, Wellington, December 20, 1966. J. and D. Lane. Illustrator:
Martine van Howe). This species of Maoricicada inhabits low-altitude scrub and forest habitats. The male has an extremely high frequency
song, making detection difficult for adult human ears. Taken, with permission, from Fleming (1971).

We used 1,520 bp of mitochondrial DNA sequence
data from the cytochrome oxidase subunit I (COI),
ATPase subunits 6 (A6) and 8 (A8), and the transfer
RNA aspartic acid (tRNAAsp) genes to reconstruct phy-
logenetic relationships among species of the genus
Maoricicada. Using the SH test and various character
weighting schemes, we critically evaluated competing
hypotheses relating to the phylogenetic position of two
key species; M. iolanthe and M. campbelli, in the Maor-
icicada radiation.

Materials and Methods
Species Sampling

All described species and subspecies of Maorici-
cada were sampled, with the exception M. otagoensis

maceweni (table 1). At least two individuals were se-
quenced for each of the 20 taxa to guard against prob-
lems arising from mistaken identity, contamination, or
sample mix-up. Where multiple populations were avail-
able, individuals were analyzed from geographically
separate areas to control for intraspecific variation and
in order to detect possible cryptic species which may be
present in Maoricicada (unpublished data). Those taxa
that displayed high levels of geographic variation were
represented by at least two populations in the phyloge-
netic analyses (M. campbelli, M. cassiope, and M. ten-
uis). We were unable to obtain live specimens of M.
iolanthe, because this species has a high-frequency call
that is inaudible to adult human ears and is therefore
very difficult to collect. Extractions were made from two
museum specimens of M. iolanthe collected from one
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Table 1
Geographic Localities, Habitats, and Accession Numbers of Sequences Used in this Study

Taxon
Altitudinal

Habitat Geographical Location (latitude, longitude) GenBank Accession Nos.

Maoricicada iolanthe . . . . . . . . . . . . . . . Lowland Kaimanawa Park, NI (239.24, 175.90) AF247631, AF248818
Maoricicada hamiltoni . . . . . . . . . . . . . . Lowland Tauherenikau River, Featherston, NI (241.11,

175.32)
AF247628, AF248815

Maoricicada lindsayi. . . . . . . . . . . . . . . . Lowland Wandle River, North Canterbury, SI (242.49,
173.13)

AF247629, AF248816

Maoricicada myersi. . . . . . . . . . . . . . . . . Lowland Turakirae Heads, Wellington, NI (241.44, 174.90) AF247630, AF248817
Maoricicada campbelli (SI) . . . . . . . . . . Lowland Lake Sedgemere, SI (241.71, 174.08) AF247609, AF248843
M. campbelli (Otago) . . . . . . . . . . . . . . . Lowland Lindis Pass, SI (244.59, 169.64) AF247611, AF248798
M. campbelli (NI) . . . . . . . . . . . . . . . . . . Montane Mt. Ruapehu, NI (239.28, 175.56) AF247610, AF248797
Maoricicada cassiope (SI) . . . . . . . . . . . Montane Arthurs Pass, SI (242.90, 171.54) AF247627, AF248814
M. cassiope (NI) . . . . . . . . . . . . . . . . . . . Montane Mt. Ruapehu, NI (239.28, 175.56) AF247626, AF248813
Maoricicada alticola . . . . . . . . . . . . . . . . Montane Rainbow Ski Field, SI (241.87, 172.85) AF247618, AF248805
Maoricicada clamitans . . . . . . . . . . . . . . Montane Lake Ohau Ski Field, SI (244.23, 169.85) AF247617, AF248804
Maoricicada mangu mangu

(Awakino) . . . . . . . . . . . . . . . . . . . . . . Montane Awakino Ski Field Rd., SI (244.78, 170.31) AF247623, AF248810
M. mangu mangu (Porters Pass) . . . . . . Montane Porters Pass, Canterbury, SI (243.29, 171.73) AF247622, AF248809
Maoricicada mangu multicostata. . . . . . Montane Jacks Pass, North Canterbury, SI (242.47, 172.82) AF247621, AF248808
Maoricicada mangu gourlayi . . . . . . . . . Montane Mt. Robert, Nelson Lakes National Park, SI

(241.83, 172.81)
AF247619, AF248806

Maoricicada mangu celer. . . . . . . . . . . . Montane Below Turk Ridge, Marlborough, SI (242.13,
172.74)

AF247620, AF248807

Maoricicada nigra nigra . . . . . . . . . . . . Montane Treble Cone Ski Field, SI (244.63, 168.89) AF247614, AF248801
Maoricicada nigra frigida . . . . . . . . . . . Montane Rastus Burn, Queenstown, SI (245.07, 168.80) AF247613, AF248800
Maoricicada oromelaena . . . . . . . . . . . . Montane Treble Cone Ski Field, SI (244.63, 168.89) AF247616, AF248803
Maoricicada otagoensis otagoensis . . . . Montane Rastus Burn, Queenstown, SI (245.07, 168.80) AF247612, AF248799
Maoricicada phaeoptera . . . . . . . . . . . . . Montane Lake Ohau Ski Field, SI (244.23, 169.85) AF247615, AF248802
Maoricicada tenuis (Marlborough) . . . . Montane Lake Chalice, Richmond Range, SI (241.57,

173.31)
AF247624, AF248811

M. tenuis (Nelson Lakes) . . . . . . . . . . . . Montane Mt. Robert, Nelson Lakes National Park, SI
(241.83, 172.81)

AF247625, AF248812

Kikihia scutellaris . . . . . . . . . . . . . . . . . . Lowland Miramar, Wellington, NI (241.33, 174.80) AF247633, AF248819
Rhodopsalta leptomera . . . . . . . . . . . . . . Lowland Waikanae Beach, Wellington, NI (240.86, 175.00) AF247632, AF249888

NOTE.—NI refers to the North Island of New Zealand, and SI refers to the South Island.

population in 1971 (table 1). The New Zealand cicada
species Rhodopsalta leptomera and Kikihia scutellaris
were used as outgroups in the phylogenetic analyses.
These two taxa were selected because of their close evo-
lutionary relationship with Maoricicada based on mo-
lecular phylogenetic comparisons with a range of New
Zealand, Australian, and New Caledonian species (un-
published data).

Laboratory Protocols

Cicadas were frozen on dry ice in the field or pre-
served in 95% ethanol and stored in an ultrafreezer.
DNA was extracted from thorax muscle for males or
from ovarian tissue for females using the ‘‘salting-out’’
method described by Sunnucks and Hales (1996). Brief-
ly, tissue was homogenized in 20 ml of proteinase K
solution (20 mg/ml) and incubated in 300 ml of TNES
buffer (50 mM Tris buffer, 0.5% SDS, 20 mM EDTA,
and 400 nM NaCl) at 558C for 3 h. Subsequently, 85 ml
of cold 5 M NaCl was added to the homogenate and
vortexed. The homogenate was then centrifuged for 10
min at top speed, and the supernatant was removed.
Centrifugation was repeated to ensure removal of all de-
bris. An equal volume of cold 100% ethanol was added
to the supernatant and then centrifuged for 30 min at
top speed to pellet the DNA. The resulting pellet was

washed with 70% ethanol, air-dried, and resuspended in
200 ml of ddH2O.

We used the polymerase chain reaction (PCR) to
amplify an 819-bp target from the COI gene with the
primers C1-J-2195 and TL2-N-3014 (Simon et al.
1994). We also amplified a second region of 771 bp
from the A6, A8, transfer RNA lysine (tRNALys), and
transfer RNA aspartic acid (tRNAAsp) genes with prim-
ers TK-J-3799 and A6-N-4570 (this study). All primer
sequences are given in table 2. PCR reactions contained
1.0 ml of purified DNA solution, 1.5 ml MgCl2 (50 mM),
2.5 ml dNTPs (20 mM), 5.0 ml 10 3 GibcoBRL Taq
buffer, 2.5 ml of each primer (10 mM), 2.5 units
GibcoBRL Taq polymerase (Life Technologies), and
34.5 ml ddH2O overlaid with 35 ml of mineral oil. Ther-
mal cycling conditions using a Perkin Elmer Cetus DNA
Thermal Cycler 480 were denaturation at 948C for 45 s,
annealing at 56–578C for 45 s, and extension at 728C
for 75 s for 30 cycles. Negative controls containing no
DNA were used in all sets of PCR reactions.

For one of the M. iolanthe museum specimens, we
extracted DNA as above but included blank extractions
with no tissue in order to detect any possible contami-
nants introduced during the extraction procedure. The
DNA pellets were redissolved in 50 ml of ddH2O. For
the second M. iolanthe specimen, we extracted total ge-
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Table 2
Names, Sequences, and References of Primers Used

Primer
Name

Primer Sequence
(59→39) Reference

TK-J-3799 . . . . . . . . . . . .
A6-N-4570 . . . . . . . . . . .
A6-J-4097 . . . . . . . . . . . .
A6-N-4102 . . . . . . . . . . .
A6-J-4268 . . . . . . . . . . . .
A6-N-4325 . . . . . . . . . . .
A6-J-4470 . . . . . . . . . . . .
A6-N-4521 . . . . . . . . . . .
C1-J-2195 . . . . . . . . . . . .
TL2-N-3014 . . . . . . . . . .
C1-J-2430 . . . . . . . . . . . .
C1-J-2621 . . . . . . . . . . . .
C1-N-2476 . . . . . . . . . . .
C1-N-2789 . . . . . . . . . . .

GGCTGAAAGTAAGTAATGGTCTCT
AAGACTGAATTATACAAACGGCTA
TTATTTTCATCATTTGATCC
TTAAGAGAGAAAAATCCGGT
AATTATAAATCGTTAGGTAG
AAAATATATGGAAGTAATCC
TAGTTCCATCAGGAACTCCT
AGCTAATGATCCTGGCCGA
TTGATTTTTTGGTCATCCAGAAGT
TCCAATGCACTAATCTGCCATATTA
TTAATATCACATCTTCRGCT
TATGTTCTGTCAATAGGAGC
GAATTAGCYAAAATTACTCCAGT
ATATAAGCATCAGAAGTAATCTG

This study
This study
This study
This study
This study
This study
This study
This study
Simon et al. (1994)
Simon et al. (1994)
This study
This study
This study
This study

NOTE.—Primer nomenclature follows that of Simon et al. (1994).

nomic DNA using a CHELEX protocol (Singer-Sam,
Tanguay, and Riggs 1989). Tissue was macerated in 20
ml of 5% CHELEX solution. The extract was heated to
958C for 10 min and centrifuged at top speed for 10
min. One microliter of the supernatant was used as a
template in the PCR reactions. For both M. iolanthe in-
dividuals, we were unable to obtain amplifications using
either of the above primer combinations; thus, based on
conserved Maoricicada mtDNA sequences, we designed
a set of internal primers and amplified homologous mi-
tochondrial gene regions from M. iolanthe in several
partially overlapping fragments (table 2). The following
primer pairs were used: TK-J-3799 1 A6-N-4102, A6-
J-4097 1 A6-N-4325, A6-J-4268 1 A6-N-4521, A6-J-
4470 1 A6-N-4570, C1-J-2195 1 C1-N-2476, C1-J-
2430 1 C1-N-2789, and C1-J-2621 1 TL2-N-3014.

The PCR conditions used for amplification of the
overlapping gene targets were the same as those listed
above, except 5 ml of BSA (10 mg/ml) was added to
each reaction, and primer annealing was performed at
458C for 35 cycles. To test for possible contamination
in the DNA extraction and amplification process, PCR
reactions containing the blank extraction were also in-
cluded. Initial amplicons were gel-purified and reampli-
fied using the same conditions, except no BSA was add-
ed and only 30 cycles were necessary to generate suf-
ficient template for cycle sequencing.

PCR amplicons were purified by excision from a
1% low-melting-point agarose gel and centrifuged at top
speed for 10 min, and the supernatant was used directly
in cycle sequencing reactions. Alternatively, PCR prod-
ucts were purified using the PrepAGene (Biorad) kit fol-
lowing the manufacturer’s instructions. Purified PCR
products were cycle-sequenced using the Perkin Elmer
Big Dye Terminator Cycle Sequencing Ready Reaction
kit following the manufacturer’s instructions. Cycle se-
quencing products were purified by ethanol precipitation
and separated by electrophoresis on an ABI Prism 377
DNA sequencer. Sequences were checked for accuracy
using the ABI sequence analysis software and were
manually aligned using ESEE3.2 (Cabot and Becken-

bach 1989), facilitated by the conserved amino acid se-
quences and the absence of indels.

Patterns of Sequence Variation

Unless otherwise noted, all analyses were conduct-
ed using PAUP*, version 4.0b2a (Swofford 1998). We
calculated the numbers of varied sites, parsimony-infor-
mative sites, and base frequencies for each gene and
codon position. The null hypothesis of base frequency
stationarity among sequences was evaluated using the
x2 heterogeneity test as implemented in PAUP*, version
4.0b2a (Swofford 1998). We examined all sites and par-
simony sites only in order to assess the potentially con-
founding effects of unvaried sites, which, by definition,
have stationary base frequencies (Waddell et al. 1999).
We note that the x2 heterogeneity test ignores the lack
of independence among sequences due to a shared phy-
logenetic history; therefore, the results may be biased.

Phylogenetic Analyses

To detect the presence of significant heterogeneity
in signal among data sets, we implemented the partition
homogeneity test (PHT; Farris et al. 1994) by dividing
the characters according to two criteria. First, characters
were partitioned into third positions versus all other sites
combined. This was done in order to detect the presence
of misleading signal in the third positions, which, as we
have shown elsewhere (Buckley, Simon, and Chambers
2001), have a higher substitution rate than the first, sec-
ond, and tRNAAsp sites and are therefore more likely to
suffer from homoplastic substitutions (e.g., Simon et al.
1994). Second, we partitioned the data into A6 and A8
genes combined versus the COI gene. The tRNAAsp sites
were excluded and the A8 sites were combined with the
A6 sites, because the tRNAAsp gene contains only a
small number of parsimony-informative sites, and both
the A6 and the A8 genes are part of the same enzyme
complex. Following Cunningham (1997), invariant sites
were removed before the PHT was performed, under a
heuristic search with 500 replications. The PHT was re-
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peated under six-parameter parsimony (Williams and
Fitch 1989, 1990; see below).

Phylogenetic analyses were conducted under the
maximum-parsimony (MP; Fitch 1971) and ML (Fel-
senstein 1981) optimality criteria. We followed this ap-
proach because for both of these two methods there is
a theoretical expectation of the behavior of the method
given various sets of relative branch lengths (relative
rates of evolution among taxa). Thus, comparing topol-
ogies and nodal support under different optimality cri-
teria can provide clues to confounding artifacts present
in the data. For the MP analyses, we constructed trees
under equal weights, six-parameter parsimony (Williams
and Fitch 1989, 1990), and downweighting of third-po-
sition sites. To obtain appropriate step-matrices, R-ma-
trices (underlying relative substitution rates among the
four nucleotides) were estimated under the general time
reversible model (e.g., Yang 1994a) using ML optimi-
zation and transformed by taking the natural log of each
relative frequency parameter (Cunningham 1997; Stan-
ger-Hall and Cunningham 1998). Because they violated
the assumption of triangle inequality, some of the step
matrices were adjusted using PAUP*, version 4.0. Heu-
ristic searches were performed on an initial stepwise ad-
dition tree followed by tree bisection-reconnection
(TBR) branch swapping. The third positions were also
progressively downweighted relative to the first, second,
and tRNAAsp sites by ratios ranging from 1:2 to 1:15.
We used a range of weighting ratios, because the com-
parison of tree lengths across weighting schemes is not
valid, thus making the selection of such values arbitrary
to an extent (Sullivan, Markert, and Kilpatrick 1997).
We have shown elsewhere (Buckley, Simon, and Cham-
bers 2001) that the third codon positions in the Maori-
cicada mitochondrial genes examined here evolve at a
faster rate, making them potential candidates for
downweighting.

For the ML analyses, we estimated substitution
model parameters using a best-fit model approach as de-
scribed by Frati et al. (1997) and Sullivan, Markert, and
Kilpatrick (1997). Substitution models tested included
those of Jukes and Cantor (1969; JC69), Kimura (1980;
K80), Hasegawa, Kishino, and Yano (1985; HKY85),
and Yang (1994a; GTR). These substitution models
were also coupled with a series of parameters describing
the distribution of among-site rate variation, including
invariable sites (I sites; e.g., Hasegawa, Kishino, and
Yano 1985), gamma distributed rates (G rates; Yang
1994b), a mixed model of gamma distributed rates and
invariable sites (I1G; Gu, Fu and Li 1995), and a site-
specific rates model (SSR; Swofford et al. 1996; Buck-
ley, Simon, and Chambers 2001). For the SSR model,
each codon position for each of the three protein-coding
genes and all the tRNAAsp sites together were assigned
their own relative substitution rate (SSR10 model).

To calculate genetic distances, we used the esti-
mator described in equation (4) of Waddell and Steel
(1997) as implemented in PAUP*, version 4.0. This es-
timator produces what are usually referred to as ML
distances (e.g., Swofford et al. 1996), in which the rel-
ative-rate matrix is optimized using ML from all of the

data and fixed for each pairwise comparison. We used
this method because Waddell and Steel (1997) found
through simulation studies that homogenizing R for all
distance comparisons tends to yield estimates with a
lower variance than the more commonly used distance
estimators. Nonparametric bootstrapping (Felsenstein
1985) was performed with 500 replicates for the MP
analyses and 100 replicates for the ML analyses. To de-
tect increases in substitution rates among various Maor-
icicada lineages, we implemented the ML relative-rate
test from HY-PHY, version 0.7b (Kosakovsky and Muse
2000).

We also used marginal ancestral-state reconstruc-
tion under ML (Yang, Kumar, and Nei 1995), imple-
mented in PAUP*, version 4.0, to estimate the spatial
location and substitution type of synapomorphies that
unite the species M. iolanthe with M. campbelli. This
was done in order to assess the nature of the synapo-
morphies supporting the grouping of these two species
(see below).

The Shimodaira-Hasegawa Test

We used the particular implementation of the SH
test referred to as the MS method by Shimodaira and
Hasegawa (1999), which corresponds to the posNPncd
test described by Goldman, Anderson, and Rodrigo
(2001), except that our implementation is a weighted
version. We emphasize to readers that there are other
possible implementations of the SH test as described by
Shimodaira and Hasegawa (1999). In this particular im-
plementation of the SH test, the maximum of the stan-
dardized difference of log likelihoods is used as the test
statistic, and the nonparametric bootstrap with reesti-
mated log likelihoods (RELL) approximation (Kishino,
Miyata, and Hasegawa 1990) is used for resampling the
log likelihoods. The RELL approximation is used to
avoid reestimation of the parameters in the nonpara-
metric bootstrap replicates. There is room to improve
the SH test while controlling the coverage probability
approximately, and the P values will be between those
of the KH test and those of the SH test. We also note
that it is possible to construct a parametric test to per-
form a similar a posteriori test using parametric boot-
strap techniques (Goldman 1993; Huelsenbeck and Ran-
nala 1997; Goldman, Anderson, and Rodrigo 2001).

Using the SH approach, we examined the phylo-
genetic position of M. iolanthe and M. campbelli by
taking the ML tree estimated under the GTR1I1G mod-
el and evaluating it against a series of topologies where
the M. iolanthe and M. campbelli clade was shifted to
a range of alternative phylogenetic positions. In con-
structing the alternative topologies, we avoided breaking
up monophyletic groups that were consistently recov-
ered in all phylogenetic analyses. In all, we tested 13
alternative phylogenetic topologies against the optimal
ML GTR1I1G tree. The set of topologies that we se-
lected were therefore a mixture of a priori and a pos-
teriori hypotheses, exactly the situation in which the KH
test is inappropriate. Sitewise log likelihoods were cal-
culated under the GTR1SSR10 and GTR1I1G models
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Table 3
Distribution of Varied and Parsimony-Informative (MP)
Nucleotide and Amino Acid Sites Among the Four Genes
and Codon Positions

Varied
Sites % Varied MP Sites % MP

COI . . . . . . . . . . . . . . . .
A6 . . . . . . . . . . . . . . . . .
A8 . . . . . . . . . . . . . . . . .
tRNAAsp . . . . . . . . . . . .
First positions. . . . . . . .
Second positions . . . . .
Third positions . . . . . . .
All sites. . . . . . . . . . . . .
Amino acid sites . . . . .

194
173

55
13
87
29

306
435

75

26
63
35
20
17.9

6.0
63.1
28.6
15.4

122
92
19

5
42
13

193
253

32

16
17
37

8
8.7
2.7

39.8
17

6.6

FIG. 2.—Phylogenetic relationships among Maoricicada species as
estimated by the maximum-parsimony method. The bootstrap consen-
sus tree was obtained under six-parameter parsimony, and bootstrap
support values are placed above the branches. Bootstrap support values
from equal-weighted parsimony are placed below the branches.

for each topology tested using PAUP*, version 4.0, and
exported into programs written by H.S. (under devel-
opment) for calculation of SH test P values. Substitution
model parameters were reoptimized for each topology
in order to maximize the likelihood score of each tree
and minimize the selection bias. For comparative pur-
poses, we also included results from pairwise KH tests
performed under the GTR1I1G model and pairwise
Templeton (1983) tests performed under six-parameter
parsimony. The P values calculated from the KH and
Templeton tests were halved in order to convert the test
to a one-sided test, because one of the topologies being
tested was known to be the optimal topology (Goldman,
Anderson, and Rodrigo 2001). The significance levels
of both the KH and the Templeton tests were adjusted
using a Bonferroni correction.

Results
Patterns of Sequence Variation and Substitution Model
Selection

The complete data set consisted of 1,520 sites for
each of the 25 individuals sequenced. The target regions
contained 64 tRNAAsp sites, 753 sites from the COI
gene, 156 sites from the A8 gene, and 547 sites from
the A6 gene. The number of varied and parsimony-in-
formative sites within each of the four genes are given
in table 3. The sequences are available from GenBank
under the accession numbers given in table 1. Using the
x2 heterogeneity tests, we were unable to detect any sig-
nificant heterogeneity in base frequencies among taxa
for the parsimony-informative sites (P 5 0.628). The
two best fitting models were the GTR1I1G and the
GTR1SSR10 models. It is not valid to quantitatively test
these two models against one another using the x2 ap-
proach, because they are not nested hypotheses.

The results of the PHT indicated that there was no
significant difference in the number of steps required by
the individual and combined-gene analyses under equal
weights (P 5 0.482) and six-parameter parsimony (P 5
0.950). Similarly, we were unable to detect any signif-
icant incongruence between the COI gene and the A6
and A8 genes combined under equal weights (P 5
0.980) or six-parameter parsimony (P 5 0.9940).

Phylogenetic Relationships Among Maoricicada
Species

All corrected genetic distances given in this section
were estimated using ML under the GTR1I1G model
and represent the expected number of substitutions per
site. We do not report the GTR1SSR10 distances, be-
cause we have previously shown that this model under-
estimates branch lengths relative to gamma and invari-
able-sites models (Buckley, Simon, and Chambers
2001). The following description of phylogenetic rela-
tionships among Maoricicada species begins with the
inferred root of the tree and proceeds up the tree to the
more derived taxa.

Both ML and MP supported the monophyletic sta-
tus of the genus Maoricicada, with all bootstrap support
values $85% (figs. 2 and 3). The two outgroup species,
K. scutellaris and R. leptomera, were differentiated from
the ingroup taxa by corrected genetic distances ranging
from 0.19 to 0.28. Starting at the base of the Maorici-
cada phylogeny, we observed a split between M. ham-
iltoni, M. myersi, and M. lindsayi on the one hand and
the remaining Maoricicada radiation on the other hand.
The three former species are all restricted to low-altitude
habitats such as coastal rock fans and associated stream
channels (M. myersi), clay banks (M. lindsayi), and riv-
erbeds (M. hamiltoni). Among these three low-altitude
species, M. myersi and M. lindsayi are sister species,
with all methods giving 100% estimates of bootstrap
support (figs. 2 and 3).

The two remaining low-altitude species, M. iolan-
the and M. campbelli, did not group with M. myersi, M.
lindsayi and M. hamiltoni, but were instead nested with-
in a clade of montane species. However, when we pro-
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FIG. 3.—Maximum-likelihood trees estimated under the (A) GTR1I1G and (B) GTR1SSR10 models. The two arrows in A indicate
incongruent nodes between the two trees. Numbers above branches are bootstrap values estimated from 100 pseudoreplicates. Branch lengths
are drawn proportionately to the number of substitutions per site.

FIG. 5.—One of three maximum-parsimony topologies estimated
with third-position substitutions downweighted by a factor of 11. The
three topologies differ from one another by a single rearrangement in
the placement of Maoricicada mangu mangu (Awakino) and Maori-
cicada alticola. Only bootstrap values above 50% are shown, with the
exception of the node partitioning Maoricicada iolanthe and the out-
groups from the remaining Maoricicada species.

FIG. 4.—The effect of downweighting third positions on estimates
of maximum-parsimony bootstrap support for the phylogenetic place-
ment of M. iolanthe and the monophyletic status of M. campbelli.

gressively downweighted the third positions, a radically
different picture emerged regarding the phylogenetic
placement of M. iolanthe, and, additionally, support for
a monophyletic M. campbelli increased (fig. 4). When
the third positions were downweighted by a factor of 1:
11 or greater, the three most-parsimonious trees that
were recovered all placed M. iolanthe as the basal Maor-
icicada species, although estimates of bootstrap support
were low for many nodes (fig. 5). Although there is no
objective means for selecting among different parsimo-
ny weighting schemes, the results shown in figures 4
and 5 illustrate the sensitivity of the parsimony analyses
to the weight accorded to the third positions.

Under ML and MP with equal weights and six-
parameter parsimony, the sister group to M. myersi, M.
lindsayi, and M. hamiltoni was supported by bootstrap
values ranging from less than 50% (fig. 3B) to 76% (fig.
2). All species within this clade are montane, with the
exception of M. iolanthe and M. campbelli, which are
low-altitude.

Within this radiation, the species M. mangu had a
poorly supported phylogenetic position. With the excep-
tion of the Maoricicada mangu mangu population from
Awakino Ski Field, all populations and subspecies of M.
mangu formed a monophyletic group, supported by
bootstrap values ranging from less than 50% (fig. 3B)
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FIG. 6.—Consensus tree of phylogenetic relationships among
Maoricicada species, with habitat type indicated. Only those nodes
recovered by all phylogenetic methods (with the exception of codon
weighting) are shown. The angular ‘‘mountain’’ symbol indicates the
montane species, and the rounded ‘‘hill’’ symbol indicates the low-
altitude species. Note that the position of Maoricicada campbelli and
Maoricicada iolanthe should be regarded as uncertain.

Table 4
Spatial Locations and Substitution Types of
Synapomorphies Uniting Maoricicada iolanthe and
Maoricicada campbelli

Character
Partition Substitution Type

No. of Times
Site Hit

A6 first . . . . . . . . . . .
A6 third. . . . . . . . . . .
A6 third. . . . . . . . . . .
COI third. . . . . . . . . .
COI third. . . . . . . . . .
COI third. . . . . . . . . .
COI third. . . . . . . . . .
COI third. . . . . . . . . .
COI third. . . . . . . . . .
COI third. . . . . . . . . .

T→C
G→A
G→A
C→T
G→A
A→T
G→A
C→T
G→A
T→A

3
7
7
4
5
3
5
2
5
4

NOTE.—Internal character states were estimated using maximum likelihood
(marginal reconstruction) under the GTR1I1G model on the maximum-likeli-
hood topology shown in figure 3A.

to 96% (fig. 2). The M. mangu mangu individual from
Awakino was differentiated from the Porters Pass M.
mangu mangu by a corrected genetic distance of 0.06.
The Awakino M. mangu mangu sequence grouped with
Maoricicada alticola under most phylogenetic recon-
struction methods, although this was poorly supported
by the bootstrap analyses. The M. mangu mangu pop-
ulation from Porters Pass and Maoricicada mangu mul-
ticostata were monophyletic, with estimates of bootstrap
support for this grouping ranging from 85% (fig. 3) to
92% (fig. 2). Based on the data presented here, we be-
lieve that the Awakino population of M. mangu mangu
represents a new species of Maoricicada. Further mor-
phological, behavioral, and molecular studies are in pro-
gress to test this hypothesis.

Most of the phylogenetic methods placed M. cas-
siope and M. tenuis as sister species; however, all esti-
mates of bootstrap support were less than 50%, with the
exception of the two ML trees (fig. 3). Relationships
among M. cassiope, M. tenuis, and M. mangu were

poorly resolved under both optimality criteria (figs. 2
and 3).

The Maoricicada species M. campbelli, M. iolan-
the, M. alticola, M. otagoensis, M. nigra, M. clamitans,
and M. oromelaena, and M. phaeoptera and the M. man-
gu mangu from Awakino formed a monophyletic clade
in the ML, equal-weighted, and six-parameter MP anal-
yses. However, bootstrap support for this clade was
.50% in the ML analyses (fig. 3). Within this clade,
most relationships were poorly resolved. However, we
consistently observed a relationship between M. nigra
and M. otagoensis, with bootstrap values ranging from
58% (fig. 2) to 65% (fig. 3A). Another well-supported
sister species relationship existed between M. oromelae-
na and M. clamitans (figs. 2 and 3). Estimates of boot-
strap support for this grouping were all .95%. A con-
sensus tree showing well-supported relationships among
Maoricicada species with habitat preferences is given in
figure 6.

Examining Support for the Phylogenetic Position of
M. iolanthe

In table 4, we present data that clearly demonstrate
that synapomorphies that support the grouping of M.
iolanthe and M. campbelli together contain large
amounts of homoplasy. Using marginal ancestral-state
reconstruction under ML (Yang, Kumar, and Nei 1995)
on the ML GTR1I1G tree (fig. 3A), we determined the
spatial location and substitution types of these synapo-
morphies. We identified 10 sites that had changed at the
node uniting all of the M. iolanthe and M. campbelli
sequences and that were unvaried among these four se-
quences (table 4). All of these substitutions were syn-
onymous, and all but one was located at the third po-
sition. Eight of the 10 changes were transitions, and all
of the sites had experienced at least two substitutions
over the entire phylogeny and were thus convergent.

Because the predominantly low-altitude M. iolan-
the and M. campbelli were nested within a clade of mon-
tane species and the codon-weighted MP analyses in-
dicated that their position within the tree was somewhat
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Table 5
Shimodaira-Hasegawa Test Results for the Phylogenetic Position of Maoricicada iolanthe and Maoricicada campbelli

SISTER GROUP TO M. IOLANTHE

AND M. CAMPBELLI

SH TEST

GTR1SSSR10 GTR1I1G

KH TEST

GTR1I1G

TEMPLETON TEST

6-Parameter
Parsimony

(nig 1 ota 1 pha 1 alt 1 manA) . . . . . . . . . . . . . . . . . . . . . . . . . . .
(nig 1 ota) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
(pha). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
(alt 1 manA). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
(alt). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
(manA). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
(oro 1 cla) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
(nig 1 ota 1 pha 1 alt 1 manA 1 cla 1 oro) . . . . . . . . . . . . . . . .
(cass 1 ten). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
(nig 1 ota 1 pha 1 alt 1 manA 1 cla 1 oro 1 cass 1 ten) . . . .

Optimal
0.424
0.488
0.540
0.192
0.192
0.837
0.700
0.191
0.406

Optimal
0.741
0.725
0.750
0.406
0.406
0.875
0.651
0.251
0.582

Optimal
0.175 (1.000)
0.182 (1.000)
0.179 (1.000)
0.175 (1.000)
0.130 (1.000)
0.130 (1.000)
0.100 (1.000)
0.034 (0.442)
0.088 (1.000)

0.282 (1.000)
0.048* (0.624)
0.183 (1.000)
0.052 (0.676)
0.011* (0.143)
0.011* (0.143)

Optimal
0.079 (1.000)
0.012* (0.156)
0.052 (0.676)

(mangu) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
(nig 1 ota 1 pha 1 alt 1 manA 1 cla 1 oro 1 cass 1

ten 1 mangu). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
(lind 1 myer 1 ham). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Basal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

0.103

0.103
0.052
0.053

0.264

0.264
0.138
0.138

0.053 (0.689)

0.053 (0.689)
0.030* (0.390)
0.030* (0.390)

0.017* (0.221)

0.016* (0.208)
0.003* (0.039*)
0.001* (0.013*)

NOTE.—Sitewise log likelihoods were calculated under the substitution model given in each column. The following taxonomic abbreviations are used: manA
5 Maoricicada mangu mangu (Awakino); alt 5 Maoricicada alticola; pha 5 Maoricicada phaeoptera; ota 5 Maoricicada otagoensis otagoensis; nig 5 Maoricicada
nigra; cla 5 Maoricicada clamitans; oro 5 Maoricicada oromelaena; cass 5 Maoricicada cassiope; ten 5 Maoricicada tenuis; mangu 5 all Maoricicada mangu
except Awakino; myer 5 Maoricicada myersi; lind 5 Maoricicada lindsayi; ham 5 Maoricicada hamiltoni; Basal 5 All Maoricicada taxa except M. iolanthe and
M. campbelli. The P values in parentheses for the KH tests and the Templeton tests are Bonferroni-corrected and were obtained by multiplying the P values by K
2 1, where K is the number of topologies.

* P-value significant at 0.05.

ambiguous, we evaluated support for alternative phylo-
genetic scenarios using the SH test (table 5). When the
SH test was implemented under the GTR1I1G and
GTR1SSR10 models, we were unable to reject any of
the alternative topologies regarding the phylogenetic
placement of the M. iolanthe and M. campbelli clade,
including a basal position in the tree. Using the Tem-
pleton tests, we were able to reject a basal position for
M. iolanthe; however, we have already demonstrated
that the parsimony analyses were highly sensitive to the
weighting scheme imposed on the data. Genetic diver-
sity within M. campbelli ranges from 0.021 to 0.056,
and the species is differentiated from M. iolanthe by a
relatively large genetic distance of 0.070–0.077. We
used ML relative-rate tests to assess the significance of
the apparent rate acceleration in the M. iolanthe lineage.
Using Maoricicada oromaelana as an outgroup, M. io-
lanthe was revealed to be evolving at a significantly
higher rate than the Otago (P 5 0.033) and South Island
(P 5 0.002) M. campbelli haplotypes, but not the North
Island haplotype (P 5 0.072).

Discussion

Our analyses do not agree with the suggestions of
Fleming (1971), who hypothesized that the lowland, for-
est-dwelling species M. iolanthe represents the ancestral
Maoricicada lineage and that lowland species in general
arose first. Fleming’s (1971) hypothesis implies that M.
iolanthe should be basal in any phylogenetic analysis.
Yet, with the single exception of the codon-weighted
MP analyses, the topologies that we estimated indicate
that M. iolanthe is nested within M. campbelli and that
these two taxa are closely related to alpine species rather
than to the lowland species M. myersi, M. hamiltoni, and

M. lindsayi. Although the M. iolanthe sequences were
obtained from pinned specimens collected in 1971, our
controls suggest that the sequences presented here are
genuine and are not compromised by contamination.
DNA extracted from two individuals at different times
produced two sequences that differed at only one site,
and blank extractions indicated no contaminating DNA.
If we accept the topologies obtained from our phylo-
genetic analyses, we are left with the conclusion that
alpine species have given rise to low-altitude lineages
through an evolutionary reversal in habitat preference.
The close relationship between M. iolanthe and M.
campbelli was not entirely unexpected—Fleming (1971)
noted similarities in song structure and morphology of
the genitalia—however, our analyses have shown that
the placement of these two species is ambiguous.

The result of the SH tests indicates that the precise
placement of the M. iolanthe and M. campbelli clade is
not statistically well supported. This clade can be shifted
to a range of alternative positions in the ML tree without
a significant change in likelihood score. Goldman, An-
derson, and Rodrigo (2001) have noted that the results
of the SH test are highly dependent on the total number
of topologies made available for simultaneous compar-
ison. Ideally, all possible a priori topologies should be
included in this set to ensure that the true tree is avail-
able for testing. However, with a data set the size of
ours, this is difficult, if not impossible. If we were to
include more topologies, the test would simply become
more conservative, and our ultimate biological conclu-
sion would not be altered.

The data presented here clearly demonstrate that
the overconfidence of the KH test can affect the general
biological conclusions of an empirical study in the ab-
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sence of corrections for multiple comparisons. For ex-
ample, when this bias was ignored, we were able to
incorrectly reject the hypothesis that M. iolanthe and M.
campbelli are sister species to the remaining Maorici-
cada radiation. The pairwise KH and Templeton tests
seemed to offer greater resolution than the SH test, be-
cause the P values calculated using the KH and Tem-
pleton tests were much lower; however, this result is
misleading, since the KH and Templeton tests give over-
confidence in a topology because sampling error due to
estimation of the topology is ignored (unlike in the SH
test, which explicitly accounts for this problem; Shi-
modaira and Hasegawa 1999). The problem of multiple
testing can be compensated for using a Bonferroni cor-
rection (see also Bar-Hen and Kishino [2000] for a sim-
ilar approach). For example, many of the P values ob-
tained from both the Templeton test and the KH test
were rendered nonsignificant following the appropriate
adjustment. Although the Bonferroni correction is sta-
tistically valid, it is far more conservative than the SH
test. Therefore, when comparing many topologies, the
SH test will always be preferable. Our observations re-
garding the relative power of the SH and KH tests
agrees with the prediction of Goldman, Anderson, and
Rodrigo (2001), who noted that if the adjusted (one-
tailed) P value from the KH test indicates acceptance of
the null hypothesis, then the SH test will imply the same
result. However, this is not a reason to incorrectly apply
the KH test, because, as Goldman, Anderson, and Rod-
rigo (2001) point out, one cannot predict the result of
the SH test if the KH test indicates rejection of the null
hypothesis.

How can we explain the inferred derived phylo-
genetic placement of M. iolanthe and M. campbelli to-
gether apart from the other lowland species? There are
two classes of explanations: (1) the tree is incorrect
(consistent with the SH-test) because (a) M. iolanthe is
a long branch, or (b) the substitution models that we
used may not fit the data well; or (2) the tree is correct
(the SH test is too conservative), but (a) due to lineage
sorting, the gene tree does not match the species phy-
logeny, or (b) the derived position results from the fact
that the montane lineages could have sequentially split
off M. iolanthe and M. campbelli, both of which retained
the ancestral Maoricicada phenotype, or (c) M. iolanthe
and M. campbelli represent evolutionary reversals re-
garding habitat preferences.

Our analyses indicate that M. iolanthe forms one
of the longest branches in the phylogeny (fig. 3) and is
evolving at a significantly higher rate than at least two
of the M. campbelli lineages. It is well known that long
branches can bias phylogenetic analysis due to the ac-
cumulation of multiple substitutions obscuring phylo-
genetic signal (Felsenstein 1978; Hendy and Penny
1989; Swofford et al. 1996). We deliberately employed
methods that are known to be less susceptible to the
confounding effects of long branches, such as ML using
a best-fit substitution model (Swofford et al. 1996; Cun-
ningham, Zhu, and Hillis 1998). However, there are nu-
merous artifacts of the evolutionary process that have
the potential to mislead our analyses. If the model of

evolution fits poorly, noisy data may cause serious prob-
lems even for ML. These observations indicate that the
M. iolanthe sequence analyzed here may be in a window
of nucleotide variation where sufficient noise exists at
third positions to be misleading, yet not enough varia-
tion is present at more conserved first, second, and t-
RNAAsp sites to overwhelm this noise or to strongly sup-
port an alternative hypothesis (e.g., Halanych and Rob-
inson 1999). Despite the results of the PHT tests, there
may not be enough variation at the more conserved (i.e.,
first, second, and tRNAAsp) sites to support a finding of
any significant incongruence. If this is the case, then we
note that even the most general of the commonly used
substitution models (i.e., GTR1I1G and GTR1SSR10)
are unable to overcome this misleading signal, as noted
in other studies (e.g., Cao et al. 1998). However, im-
portantly, the complex models indicate that the differ-
ence between the optimal topology and the alternative
topologies are nonsignificant. Sequence data from a nu-
clear locus, longer mtDNA sequences containing, pre-
sumably, more informative nonsynonymous replace-
ments, or improvements in knowledge regarding the
substitution process may ultimately be required to sta-
bilize the phylogenetic position of M. iolanthe and M.
campbelli.

If the topology is correct (and the SH test is too
conservative), then we must invoke alternative expla-
nations to account for the derived position of M. iolan-
the and M. campbelli. First, retention of ancestral poly-
morphisms could cause the inferred gene tree to be a
misleading estimate of the species phylogeny. Thus, se-
quence data from a nuclear gene could be used to eval-
uate this hypothesis. However, Moore (1995, 1997)
demonstrated that the probability that the mtDNA gene
tree will track the population tree is much greater than
that of a gene tree derived from a single nuclear locus.
Hoelzer (1997) has raised possible exceptions to this
explanation that invoke gender-biased dispersal or ex-
tremely polygynous breeding systems. Although we
cannot formally discount the possibility of gender-bi-
ased dispersal or polygyny within any species of Maor-
icicada, dispersal is a rare phenomenon in cicadas gen-
erally (Itô and Nagamine 1981; Williams and Simon
1995; deBoer and Duffels 1996) and in the few instanc-
es when it does occur, it tends to involve female rather
than male dispersal (Williams and Simon 1995).

Second, it is possible that montane lineages could
have sequentially split off M iolanthe and M. campbelli,
both of which retained the ancestral Maoricicada phe-
notype. Evolutionary processes of this sort would pro-
duce the phylogenetic pattern that we observed whereby
modern M. iolanthe and M. campbelli are nested within
the Maoricicada radiation, yet still represent the ances-
tral phenotype. Although this hypothesis is possible, we
believe that it is more likely that systematic error in the
data is responsible for some of the observed phyloge-
netic patterns within Maoricicada. Further studies are
now being initiated to test this hypothesis.
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